ABSTRACT. The uptake of formalin-denaturated homologous albumin (FDA) by rat liver sinus-lining cells was studied using ultrastructural, cytochemical, and immunocytochemical techniques. Three minutes after intravenous injection of: 1) FDA, 2) peroxidase-coupled FDA (HRP-FDA), 3) ferritin-labeled FDA (FE-FDA), 4) colloidal gold-labeled FDA (CG-FDA), or 5) 0.85 % NaCl, livers were fixed by perfusion with two different fixatives. Liver sections were processed to cytochemical, immunocytochemical, or immunoelectron microscopical procedures. By light microscopic immunocytochemistry (groups 1 and 5), discrete granular staining was seen in endothelial cells, Kupffer cells, and parenchymal cells. Whereas the staining in endothelial cells and Kupffer cells was much weaker in group 5 than in group 1, no difference was noted in parenchymal cells between the two groups. By immunoelectron microscopy, albumin was localized in coated pits, coated vesicles, endosomes, and phagosomes of endothelial cells and Kupffer cells. In parenchymal cells, however, albumin was confined exclusively to the secretory apparatus. In group 2 (HRP-FDA) the reaction product was localized only in coated pits, vesicles, and endosomes of endothelial cells and Kupffer cells, but not in parenchymal cells. Similarly, in animals injected with FE-FDA and CG-FDA, the ferritin and gold particles were found exclusively in the same intracellular compartments of the sinus-lining cells. The results strongly suggest that FDA is internalized by endothelial cells and Kupffer cells through a receptor-mediated endocytosis.
the circulation, so that aging of the protein molecules could be one of the selection mechanism criteria. Indeed, the denaturated serum albumin disappears more rapidly from the circulation after intravenous injection (39) . In liver, this albumin accumulates in a particulate fraction after cell fractionation and is degraded when the fraction is further incubated in vitro (40, 41) . Biochemical and autoradiographic studies have shown that only non-parenchymal cells take up the denaturated albumin from the blood and degrade it (8, 9, 42, 52) .
On the other hand, it is still controversial whether or not the endothelial cells in the liver sinusoids participate in this process, because, distinction of Kupffer cells from active endothelial cells is quite difficult on morphological criteria alone. It has been shown that endogenous peroxidase is a convenient marker for the identification of Kupffer cells which give a positive reaction with DAB in the endoplasmic reticulum (ER), including the nuclear envelope (3, 20, 53, 55 ).
Previously we have described the localization of albumin in the secretory apparatus of rat liver parenchymal cells using an improved immunocytochemical method (58) . In the present study, we have applied this method to the sinus-lining cells of rat liver and investigated the localization of albumin in these cells. In addition, the uptake of denaturated albumin coupled to horseradish peroxidase, ferritin, or colloidal gold by these cells was studied using cytochemical methods. Albumin was found consistently in cytoplasmic vacuoles and coated vesicles of both Kupffer and endothelial cells after immunocytochemical staining. After the intravenous injection of denaturated albumin, the number of these vacuoles and vesicles increased markedly. Furthermore, peroxidase-, ferritin-or colloidal gold-coupled denaturated albumin was also detected in the cytoplasmic vacuoles and vesicles of both cell types. It is concluded that serum albumin is endocytosed by both Kupffer and endothelial cells, presumably through a receptor-mediated process and probably degraded in phagosomes of these cells. In addition, this process is enhanced markedly by injection of denaturated albumin. 
MATERIALS AND METHODS

RESULTS
Immunocytochemical observations. Preliminary studies revealed that in livers perfused with a fixative containing 0.02% glutaraldehyde, the sinus-lining cells (SLC) were poorly preserved, although the parenchymal cells appeared well-fixed, showing albumin in their secretory apparatus (57, 58) . By increasing the concentration of glutaraldehyde to 0.05 % and omitting the detergent-treatment, satisfactory ultrastructural preservation and adequate localization of albumin in the SLC was obtained, but the reaction for albumin in parenchymal cells was markedly reduced because of the poor penetration of HRP-labeled Fab.
In the liver of untreated rats or rats injected with normal albumin, fine granular deposits were found both in endothelial cells and in Kupffer cells (Fig. 1A) . There was no difference in the intensity or distribution of staining between untreated rats and those injected with normal albumin. When the rats were injected with the formalindenaturated albumin (FDA), however, there was a marked increase in the number of albumin-positive granules in the SLC (Fig. 1B) . In these animal, the Kupffer cells contained more positive granules than the endothelial cells (Fig. 1C) . In immunocytochemical controls, incubated in HRP-labeled non-specific Fab, there were no granules in the endothelial cells but a few large granules representing phagosomes containing ingested red cell hemoglobin were noted in some Kupffer cells (Fig. 1D) . By electron microscopy, the endothelial cells of untreated rats and rats injected with normal albumin showed electron-dense reaction product in a few cytoplasmic vacuoles ( Fig. 2A) . Although many coated pits and vacuoles were present in endothelial cells, most of them were negative for albumin (Fig. 2B) electron dense deposits were found in cytoplasmic vacuoles and quite frequently in large phagosomes (Fig. 2C) . Similar results were obtained in rats injected with normal albumin, reaction deposits being present in cytoplasmic vacuoles and in a great number of pinocytotic vesicles located on the luminal side of the endothelial cells and Kupffer cells (Figs. 2B, D) . Most of the pinocytotic vesicles were 150 to 300 nm in diameter and had a bristle coat. Furthermore, a few coated pits containing albumin were present (Fig. 2B) . In Kupffer cells, a few coated pits containing albumin showed luminal continuity with the so-called micropinocytosis vermiformis (38) or worm-like structures (51) (Fig. 2D) . No apparent association of these vesicles with the Golgi apparatus was observed (Figs. 2A, 2C) . In cytoplasmic vacuoles, the reaction product was localized on the inner surface of their membranes, and in many cases the matrix was devoid of any reaction deposits (Figs. 2A, B, C) . Other organelles, such as the Golgi apparatus, ER, and mitochondria were consistently negative. Uptake of albumin labeled with HRP or ferritin by sinus-lining cells. By light microscopy, 3 min after intravenous injection of FDA which had been labeled with By electron microscopy, in endothelial cells the electron dense reaction product was found in cytoplasmic vacuoles of various size and in fine vesicles and tubules (Fig. 4) . Most of vacuoles and vesicles were distributed in the luminal cytoplasm, forming clusters. At higher magnification, some of these vesicles possessed bristle coat, suggesting that they were derived from coated pits (Fig. 5B) . In the vacuoles, the reaction deposits were closely associated with the inner surface of the membrane, with sparse deposits in the matrix (Fig. 5A) •~ 44,000.
frequently fused with these vacuoles. In fat-storing cells and hepatic parenchymal cells, there were no positive vacuoles or vesicles (Fig. 4) . In Kupffer cells, the DAB reaction was detected in the ER, including the nuclear envelope, indicating endogenous peroxidase activity, and in the vacuoles and vesicles which incorporated the injected HRP-labeled FDA (Figs. 4 and 6A) . The staining for the endogenous peroxidase was usually less intense than that for the incorporated HRP-FDA conjugate. Most of the small vesicles with positive reaction had a bristle coat (Fig. 6B) . The positive vacuoles and vesicles were scattered throughout the cytoplasm without forming clusters as seen in endothelial cells. In addition, both Kupffer cells and endothelial cells showed no reaction product in the Golgi complex (Figs. 5A, 6A) .
The results obtained from rats injected with ferritin-labeled FDA were essentially similar to those given an injection of HRP-FDA. Ferritin particles were observed in cytoplasmic vacuoles and vesicles of endothelial cells and Kupffer cells (Figs. 7A,  B, C) . Some coated pits, coated vesicles, and tubular structures were also labeled by ferritin particles (Figs. 7A, B, C) . In both cells, no ferritin particles were found in the Golgi complex and in typical secondary lysosomes (Figs. 7A, B) . In Kupffer cells, the ER was stained positively for endogenous peroxidase activity and was clearly distinguished from ferritin-containing vesicles (Fig. 7B) .
In rats injected with gold-FDA, gold particles indicating subcellular sites for FDA were seen in the cytoplasmic vacuoles and vesicles, including coated vesicles of Kupffer cells and endothelial cells (Fig. 8) . In Kupffer cells, gold particles were also seen in worm-like structures, forming clusters in the middle of these tubules. Coated pits were sometimes noted at the edge of such structures (Fig. 8B) . In typical secondary lysosomes, no gold particles were found (Fig. 8B) .
DISCUSSION
Although immunocytochemical localization of albumin in hepatic parenchymal cells has been extensively investigated (11, 12, 21, 23, 29, 34, 57, 58) , there have been few reports on the localization of albumin in other cells in the liver, such as Kupffer cells and endothelial cells (29, 57) . We have previously demonstrated that albumin is present in three kinds of cells in rat liver : parenchymal cells, Kupffer cells, and endothelial cells. We have also suggested that the latter two cell types participate in the catabolism of albumin (57) . In the present study, it was confirmed that albumin is localized in both Kupffer and endothelial cells in normal animals. After the injection of FDA, the number of immunocytochemically stained cytoplasmic granules was markedly increased (Figs. 1B, C) . These results indicate that Kupffer and endothelial cells selectively take up FDA from the circulation. By immunoelectron microscopy, FDA was localized in coated pits, coated vesicles, and phagosomes, but not in the Golgi complex. The results are quite consistent with those described by de Bruyn et al. (15) (16) (17) using heterologous bovine serum albumin. The results show that FDA is taken up through the endocytic apparatus and transported to phagosomes without any direct participation of the Golgi complex. Most importantly, no FDA was detected in the coated pits and coated vesicles of parenchymal cells, indicating that they do not participate in the uptake and degradation of FDA.
The cytochemical localization of HRP-labeled FDA was quite consistent with the immunocytochemical results. HRP-labeled FDA was found in the coated pits, coated vesicles, endosomes, and phagosomes of Kupffer cells and endothelial cells, but never Many organs such as liver, kidney, spleen, lymph node, muscle, and gut have been cited as catabolic sites for serum albumin (2, 10, 13, 30, 22, 35) . In addition, polymorphonuclear leukocytes and macrophages are known to catabolize albumin (5, 18). The liver is responsible for about 10 % of the total breakdown of serum albumin (26) . Although there have been some discrepancies on the exact catabolic sites of albumin in the liver, the present study has clearly shown that it is taken up exclusively by the liver sinus-lining cells. Presumably, the endocytosed albumin is degraded in the lysosomal system of these cells. Recently, the scavenger nature of the sinus endothelial cells and the macrophages has been discussed (4, 19, 28) . In contrast to the sinusoidal cells the liver parenchymal cells do not seem to be involve in the endocytosis of FDA and apparently lack the receptor for this important serum protein. This is supported by the fact that the coated pits and coated vesicles of the liver parenchymal cells are negative for the immunocytochemical staining for albumin (57, 58) . Furthermore, receptor for FDA has been found only in the sinus-lining cells (32) . It is likely that mildly denaturated albumin molecules including "aged albumin" are selectively taken up by the sinus-lining cells from the circulation.
